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ABSTRACT 

Solid,  water-filled  and  air-filled  spheres  are  investigated  for  suitability  as  calibrated 
targets  for  active  minehunting  sonars  operating  in  the  range  10kHz  to  200kHz.  It  is 
found  that  all  solid  and  water-filled  designs  have  target  strengths  that  are  strongly 
frequency-dependent,  but  some  air-filled  designs  are  not  frequency  dependent.  It  is 
found  that  thick-walled  spherical  glass  floats  are  suitable  for  some  frequency  ranges, 
and  thin-walled  stainless  steel  spheres  are  suitable  over  the  whole  frequency  range,  if 
they  are  sufficiently  well  made  and  conditions  allow  their  deployment. 
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Use  of  Spherical  Objects  as  Calibrated 
Mine  Hunting  Sonar  Targets 


Executive  Summary 

DSTO  and  the  RAN  routinely  use  spherical  targets  for  the  purposes  of  calibrating 
active  mine  hunting  sonars  working  in  the  field  at  frequencies  above  10kHz.  In  some 
cases,  the  accuracy  of  the  calibration  impacts  on  contractual  agreements.  It  is  therefore 
important  that  the  behaviour  of  such  targets  be  understood,  and  that  poor  designs  be 
avoided. 

In  this  report,  it  is  shown  that  some  spherical  targets  that  have  been  constructed  at 
considerable  expense  for  the  purposes  of  calibrating  minehunting  sonars  are  unsuited 
to  the  purpose,  because  their  effective  target  strengths  vary  strongly  with  frequency 
and  pulse  type.  The  "effective  target  strength"  of  an  object  is  calculated  from  the 
largest  intensity  in  the  echo  time  series  reflected  from  the  object,  and  is  appropriate  to 
circumstances  such  as  mine  hunting  where  it  is  impossible  to  determine  the  detailed 
structure  of  an  echo. 

For  general  purposes,  a  mine  hunting  sonar  target  should  have  a  well-known  target 
strength  that  does  not  vary  with  frequency  or  pulse  type.  Operators  should  not 
experience  a  change  in  target  strength  when  switching  between  pulse  types. 

It  is  found  that: 

1.  Solid  spheres  have  effective  target  strengths  that  vary  strongly  with  frequency 
and  pulse  type. 

2.  Thick-walled,  water-filled  shells  have  effective  target  strengths  that  vary 
strongly  with  frequency  and  pulse  type.  The  same  is  true  of  thin-walled  shells. 

3.  Thick-walled,  air-filled  glass  floats  have  effective  target  strengths  that  are 
approximately  invariant  as  a  function  of  frequency  and  pulse  type  over  limited 
frequency  ranges,  but  the  ranges  of  invariance  vary  with  thickness  and  must  be 
checked  experimentally. 

4.  Thin-walled,  air-filled  metal  shells  have  effective  target  strengths  that  are 
approximately  constant  over  most  of  the  frequency  range  considered,  so  long  as 
the  bandwidth  of  the  pulse  is  not  extremely  small. 

5.  Thin-walled,  air-filled  shells  with  impedances  near  that  of  water  have  effective 
target  strengths  that  vary  strongly  with  frequency  and  pulse  type. 


Regardless  of  the  results  of  simulations,  it  should  be  stressed  that  objects  should  never 
be  used  as  calibrated  sonar  targets  without  experimental  verification. 
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1.  Introduction 

Well-calibrated  target  objects  are  required  for  the  determination  of  active  sonar 
detection  performance.  The  sphere  is  a  natural  shape  for  such  a  target,  since  its 
backscattering  efficiency  or  "target  strength"  does  not  change  with  aspect  angle.  In 
addition,  when  the  radius  of  a  sphere  is  much  larger  than  the  wavelength  and  it  is 
constructed  so  that  sound  is  not  able  to  propagate  inside  it,  its  target  strength  becomes 
independent  of  frequency.  This  is  particularly  useful  for  a  sonar  target,  since  one  unit 
can  be  used  with  a  number  of  sonars. 

The  problem  of  target  design  is  to  make  a  spherical  object  with  large  enough  target 
strength,  which  is  also  predictable,  cheap,  easily  deployed,  and  robust. 

This  report  discusses  different  designs  for  spherical  reflectors  and  their  performance  in 
the  frequency  band  10-200kHz,  which  is  appropriate  to  the  detection  modes  of  many 
narrowband  minehunting  sonars.  The  reflectors  in  question  have  target  strengths  in  the 
neighbourhood  of  -20dB,  since  such  values  are  appropriate  to  mine  detection  trials. 
The  discussion  is  based  on  theoretical  calculations,  which  predict  a  surprisingly  wide 
range  of  phenomena,  given  the  small  number  of  configurations.  No  single  design  is 
shown  to  be  optimal.  Some  designs  that  have  been  used  in  the  past  are  shown  to  have 
unpredictable  target  strengths;  others  are  useful  over  limited  frequency  ranges. 

This  report  considers  only  "free  field"  target  strengths,  that  is,  target  strengths  of 
objects  immersed  in  an  infinite  fluid,  far  from  any  flat  surfaces.  The  related  problem  of 
target  strength  variability  due  to  reflections  from  the  seabed  and  sea  surface  is  not 
considered  in  this  work. 


2.  Target  strength  modelling 


2.1  Target  strength 

Consider  an  object  centred  on  the  origin  of  a  polar  coordinate  system  (r, 0,0).  If  the 
object  is  ensonified  by  a  distant  source  of  sound  from  a  direction  (0,0)  then  the  sound 
striking  the  object  will  arrive  as  effectively  plane  waves.  The  intensity  of  backscattered 
sound  measured  by  a  receiver  at  polar  coordinates  (r,6,(j))  will  depend  on  the  shape  of 
the  object.  At  close  range,  the  dependence  on  range  r  will  be  complicated.  However, 
when  r  exceeds  the  "far-field"  range 


'ff 


(2.1) 
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where  L  is  the  approximate  dimension  of  the  object  perpendicular  to  (0,0)  and  A  is 
the  wavelength  of  the  sound  in  the  immersing  fluid,  then  the  backscattered  intensity 
will  begin  to  fall  off  simply  as  spherically  spreading.  That  is,  intensity  I  falls  off  as 


/  -Vexp[-a(u))r] 


(2.2) 


where  a(co)  is  the  attenuation  coefficient  at  angular  frequency  0).  At  ranges  greater 
than  rff,  we  can  separate  out  the  propagation  losses  and  talk  about  a  range-invariant 
backscattering  efficiency  or  "target  strength"  expressed  as  a  function  of  (0,0).  For 
convenience,  target  strength  is  expressed  in  terms  of  the  intensity  that  would  be 
measured  at  unit  distance,  assuming  that  intensity  fell  off  like  equation  (2.2)  at  all 
ranges.  In  the  frequency  ranges  of  interest  here,  unit  distance  is  lm.  Expressing  target 
strength  as  a  dB  ratio,  we  have  7  ° 


7S  =  101ogl 


f  2  \ 

Pr 


= lOlog 


/  2 
Pk 
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Pine  rl  exp(-arj 


(2.3) 


Here,  pr  is  the  nominal  backscattered  pressure  at  unit  distance,  pmc  is  the  incident 
pressure  at  the  origin,  ph  is  the  pressure  measured  at  the  receiving  hydrophone,  which 
is  distant  rh  >  rff  from  die  origin  of  coordinates,  and  a  is  the  attenuation  coefficient. 

The  target  strength  is  a  measure  of  backscattering  efficiency,  so  the  source  and  the 
observer  must  lie  on  the  same  ray  originating  from  the  origin  of  the  object. 

Expressions  (2.1)-(2.3)  all  apply  to  mono-frequency,  continuous  wave  sound.  They  do 
not  apply  to  pulsed  systems,  which  are  considered  next. 


2.1.1  Target  strength  for  narrowband,  pulsed  sonars 

To  a  very  good  approximation,  the  ocean  is  a  non-dispersive  medium  for  sound  of 
moderate  intensity  [Urick  1983].  For  a  narrowband  pulsed  sonar  system,  the 
bandwidth  B  will  be  much  smaller  than  the  centre  frequency  of  the  pulse,  and  the 
absorption  coefficient  a  will  be  approximately  constant  across  the  bandwidth  of  the 
pulse.  In  this  case,  it  is  appropriate  to  assume  that  equation  (2.2)  applies  to  the 
backscattered  timeseries  with  /  set  equal  to  the  centre  frequency  of  the  pulse.  Making  a 
second  assumption  that  a  detector  (human  or  otherwise)  will  preferentially  detect  the 
most  intense  part  of  the  time  series,  we  can  define  the  effective  target  strength  using 
the  maximum  signal  level  received  during  the  reception  of  the  pulse. 

If  we  assume  that  the  detector  reports  the  RMS  average  power  over  the  duration  of  the 
pulse,  then  we  can  replace  p *c  in  equation  (2.3)  by  the  expression 
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pL  =-)[P„At)fdt 


(2.4) 


where  r  is  the  duration  of  the  pulse.  Similarly,  if  the  backscattered  waveform  at  the 
receiver  is  given  by  ph(t)  and  has  total  duration  T,  then  we  can  replace  pi  by 


max 

te[0,r-r) 


T 


(2.5) 


2.1.2  Target  strength  for  broadband,  pulsed  sonars 

For  a  broadband,  pulsed  sonar  system,  the  bandwidth  B  of  the  pulse  generated  by  the 
projector  is  of  the  same  order  as  the  centre  frequency  of  the  pulse.  In  this  case,  the 
attenuation  coefficient  of  the  medium  depends  non-trivially  on  the  frequency,  and 
equation  (2.2)  no  longer  applies  to  the  entire  pulse.  In  fact,  the  waveform  leaving  the 
projector  is  modified  by  loss  of  high  frequency  components  by  the  time  it  reaches  the 
object,  and  likewise,  further  modification  occurs  on  the  return  trip  to  the  hydrophone. 
Because  we  are  now  unable  to  separate  the  propagation  from  the  scattering,  there  is  no 
direct  analogue  to  the  target  strength  for  a  broadband  system  operating  at  long  range 
from  an  object. 

One  approach  that  has  been  adopted  has  been  to  divide  the  pulse  bandwidth  into 
separate  narrow  frequency  bands  where  expressions  (2.4)  and  (2.5)  can  be  applied  to 
give  a  nominal  target  strength  for  each  band.  In  sonar  modelling,  the  same  approach  is 
applied  in  reverse. 

More  generally,  let  us  assume  that  the  range  to  the  object  is  sufficiently  large  to  satisfy 
expression  (2.1)  for  all  frequencies  in  the  bandwidth,  and  sufficiently  small  that  the 
higher  end  of  the  bandwidth  is  received  with  adequate  signal  levels.  Since  the  transfer 
function  of  the  medium  is  known,  we  will  assume  that  an  equivalent  process  to  "pre¬ 
whitening"  can  be  applied  to  the  signal  received  by  the  hydrophone  to  remove  the 
effects  of  attenuation. 

If  the  pressure  at  the  hydrophone  is  ph(t)  and  has  Fourier  transform  Ph  ((d) ,  then  pre¬ 
whitening  could  be  applied  in  the  frequency  domain  as 

Ph  (®)  =  ph  (®)  exp[a(m)(^  +  rh )]  (2.6) 


Taking  the  inverse  Fourier  transform  to  arrive  at  pi  (t)  and  similarly  for  p"c(t),  we 
are  once  again  able  to  use  expressions  (2.4)  and  (2.5)  to  estimate  "target  strength  . 
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2.2  Target  strength  of  a  large,  rigid  sphere 

The  standard  expression  for  the  target  strength  a  perfectly  reflecting  spherical  scatterer 
is  a  simple  expression,  independent  of  frequency  [Urick  1983] 


/ 

TS  =  101og10 


(2.7) 


Here,  "a"  is  the  radius  of  the  sphere.  This  expression  is  exact  in  the  limit  of  infinite  size, 
and  is  accurate  within  0.3dB  when 


ka~~Q> 20  (2.8) 

This  condition  is  fulfilled  when  the  radius  of  the  sphere  is  more  than  3.2  times  the 
wavelength.  For  minehunting  sonars  seeking  proud  mines1,  detection  frequencies  are 
likely  to  be  between  10kHz  and  200kHz,  corresponding  to  wavelengths  between 
150mm  and  7.5mm.  Hence,  the  minimum  target  radius  for  expression  (2.8)  to  be  valid 
varies  from  480mm  at  10kHz  to  24mm  at  200kHz. 


Table  1:  Equivalent  target  strengths  for  spherical  targets 


TS  (dB) 

Equivalent  radius  (mm) 

-10 

632 

-15 

356 

-20 

200 

-25 

112 

-30 

63 

Table  1  shows  the  radii  required  to  provide  rigid  sphere  targets  with  equivalent  target 
strengths  to  a  range  of  representative  sea-mine  signature  levels.  The  size  of  the  sphere 
required  increases  rapidly  with  target  strength  and  becomes  unwieldy  for  high  target 
strength  objects.  In  this  work,  we  will  consider  the  "low"  -20dB  target  strength  value 
that  is  often  used  as  a  standard  in  the  literature.  Even  at  this  level,  the  diameter  is 
400mm  and  such  a  sphere  is  near  the  limit  of  easy  storage  and  manual  deployment. 

2.3  Target  strength  of  physically  realisable  spherical  targets 

The  acoustic  behaviour  of  a  very  large,  rigid  sphere  is  an  ideal  that  can  only  be 
approached  in  practice.  The  backscattered  echo  from  such  a  sphere  is  a  replica  of  the 
incident  pulse,  decreased  in  magnitude,  and  appearing  to  come  from  a  specular 
reflector  at  the  front  surface  of  the  sphere.  It  will  be  referred  to  here  as  the  "specular 
return".  All  physically  realisable  objects  have  more  complicated  acoustic  responses. 


1  Proud  in  this  case  meaning  protruding  above  the  seabed 
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Solid  spheres  and  elastic  shells  support  families  of  surface  waves  that  travel  around  the 
sphere  in  the  water  or  in  the  elastic,  each  giving  rise  to  series  of  evenly  spaced  peaks 
following  the  specular  return.  Solid  spheres  and  fluid-filled  shells  additionally  support 
families  of  interior  waves  that  bounce  around  the  interior.  These  waves  have  been  the 
subject  of  much  investigation  [e.g.,  Hickling  1964;  Gaunaurd  and  Werby  1987,  1991]. 
For  the  present,  it  suffices  to  say  that,  although  they  arrive  after  the  specular  return, 
interference  effects  sometimes  mean  that  their  total  amplitude  is  larger. 

As  noted  in  Section  2.1,  the  target  strength  of  an  object  is  given  by  the  maximum 
average  backscattered  power,  which  is  not  always  the  backscattered  power  from  the 
specular  return.  This  corresponds  to  the  observational  fact  that  a  sonar  operator  or 
computer-aided  detection  program  will  probably  detect  the  brightest  part  of  the  echo. 
Hence,  the  brightest  part  of  the  echo  is  used  to  calculate  the  target  strength,  and 
expression  (2.5)  is  not  valid  even  when  it  accurately  predicts  the  power  of  the  specular 
return. 


Figure  1:  Theoretically  calculated  backscattered  time  series  from  a  water-filled  shell,  showing  the 
specular  return  from  aflat  toneburst  pulse,  folloived  by  a  series  of  echoes  from  structural  waves. 

Figure  1  shows  the  theoretically  predicted  backscattered  waveform  from  a  thick-walled 
bronze  shell  (shell  A  in  Section  3.1.2)  filled  with  water.  It  is  ensonified  by  a  flat,  200ps 
toneburst  with  a  centre  frequency  of  40kHz.  The  specular  return  is  the  first  peak  in  the 
series,  and  it  has  amplitude  in  agreement  with  the  nominal  target  strength  of  the 
sphere,  and  the  same  shape  as  the  incident  pulse.  The  second  and  successive  peaks  are 
due  to  structural  waves  circling  the  sphere.  They  have  a  different  shape  from  the 
incident  pulse,  because  the  structural  waves  are  dispersive.  The  second  peak  is  much 
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larger  than  the  first  peak,  and  it  will  consequently  determine  the  target  strength  of  the 
sphere. 

2.4  Desirable  target  strength  characteristics 

In  some  cases,  a  compact  target  with  high  target  strength  is  required.  In  such  cases, 
target  strength  enhancement  can  be  achieved  by  selecting  an  interacting  target  such  as 
the  bronze  sphere  considered  in  the  previous  section,  or  by  using  a  "focussed"  liquid- 
filled  shell  (see  Section  3.1.6).  However,  such  targets  must  be  used  with  care  because 
the  effects  are  strongly  frequency-dependent.  In  addition,  external  factors  such  as 
ambient  temperature  can  have  significant  effects. 

In  this  report,  we  will  assume  that  a  simple  scattered  waveform  is  desirable,  implying 

that  structural  returns  should  be  much  smaller  than  the  specular  return. 

2.5  Materials 


The  degree  to  which  an  interface  between  two  media  will  transmit  sound  is 
approximately  dependent  on  the  difference  between  "impedances2",  Z±=  pc  in  the 
two  media,  where  p  is  the  density  of  the  medium,  and  c  is  the  sound  speed.  If  there  is 
a  large  mismatch,  then  little  sound  will  be  transmitted  across  the  interface. 


Table  2  gives  values  for  sound  speeds,  densities  and  acoustic  impedances  of  materials 
that  are  considered  in  this  report  [Anderson  1989;  Selfidge  and  Pedersen3].  Sound 
speed  data  is  scarce,  restricting  the  choice  of  materials  that  can  be  accurately  modelled, 
and  the  figures  in  the  table  are  approximate. 

Considering  Table  2,  we  see  that  air  has  very  low  impedance,  water,  wax  and  nylon  are 
intermediate  and  metals  and  glass  have  high  impedances.  Vacuum  has  zero 
impedance,  and  a  completely  rigid  material  has  infinite  impedance. 

For  plane  interfaces,  [Brekhovskikh  1980]  shows  that  expressions  for  plane-wave 
reflection  and  transmission  coefficients  can  often  be  put  into  the  form 


z2-z, 

Z2+Zl  ’ 


T  ~\-R 


(2.9) 


Here,  R  is  the  plane-wave  reflection  coefficient  and  T  is  the  plane-wave  transmission 
coefficient.  The  plane  wave  passes  from  fluid  1  to  medium  2.  Clearly,  if  the  two 
impedances  are  close,  then  transmission  will  be  high.  If  they  are  far  apart,  transmission 
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2  This  quantity  is  commonly  referred  to  as  impedance.  It  is  more  accurately  defined  as  the 
"specific  impedance"  at  normal  incidence  [Pierce  1994], 

3  http://www.ultrasonic.com/tables/ 
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will  be  low.  However,  even  if  transmission  is  low,  sound  energy  can  still  propagate 
parallel  to  the  interface  as  surface  waves. 

On  a  sphere,  a  surface  wave  can  propagate  around  the  circumference  and  radiate  back 
at  the  source.  If  multiple  waves  interfere,  a  big  secondary  peak  such  as  the  one  in 
Figure  1  can  appear. 


Table  2  Approximate  acoustic  properties  of  various  elastic  solids  and  fluids 


Material 

Longitudinal 
sound  speed 

cl 

(ms-1) 

Transverse 
sound  speed 

Ct 

(ms-1) 

Density 

P 

(kg  nr3) 

Impedance 

Zx 

(kg  nr2  s  x  106) 

Vacuum 

0 

Air 

320 

1 

1/3000 

Paraffin  wax4 

1400 

900 

1.3 

Seawater 

1500 

1000 

1.5 

Nylon  6-6 

2620 

1070 

1120 

2.9 

Glass  (Pyrex) 

5640 

3280 

2230 

13 

Bronze5 

3530 

2230 

8860 

31 

Stainless  steel 

5790 

3100 

8000 

46 

Tungsten 

5180 

2870 

19250 

100 

Ideal  Rigid 

Infinite 

2.6  Target  strength  of  an  elastic,  fluid-filled  shell 

2.6.1  Basic  expressions 

Expressions  for  the  pressure  field  scattered  from  a  spherical,  fluid-filled  elastic  shell 
appear  in  the  scientific  literature  as  a  function  of  frequency  [Gaunaurd  and  Werby 
1987, 1991;  Readhead  1995],  and  they  have  been  used  in  the  present  work  to  derive  the 
target  strength.  Appendix  A  lists  the  expressions  used.  Extended  expressions  allowing 
for  viscous  and  thermal  effects  have  also  appeared  [Anson  and  Chivers  1993],  but  great 
care  is  required  to  avoid  numerical  instabilities  and  they  have  not  been  used  here. 


2.6.2  Target  strength  for  a  pulsed  narrowband  sonar 

The  expressions  in  Appendix  A  present  scattered  pressure  as  a  function  of  frequency 
for  a  constant  mono-frequency  source. 


4  The  sound  speed  is  taken  to  equal  that  for  paraffin  oil  and  may  be  somewhat  higher. 

5  Data  for  phosphor-bronze  were  used  here. 
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In  order  to  calculate  realistic  target  strengths  for  narrowband  sonars,  the  technique  of 
Fourier  reconstruction  [e.g.,  Jensen  et  al,  1994]  has  been  used  to  generate  backscattered 
timeseries  for  narrowband  pulses.  Figure  1  is  an  example  of  this.  The  target  strength  is 
then  calculated  according  to  expression  (2.3),  as  the  maximum  mean-square  ratio  of 
backscattered  to  incident  intensity  along  the  timeseries,  where  the  mean  is  taken  over 
the  duration  of  the  incident  pulse. 

In  the  following  sections,  target  strength  is  presented  both  as  a  function  of  frequency, 
and  as  a  function  of  the  centre  frequency  of  toneburst  pulses  of  lOOps  and  200ps 
duration. 

2.6.3  Target  strength  and  pulse  compression 

The  use  of  pulse  compression  processing,  where  the  received  signal  is  cross-correlated 
with  a  replica  of  the  emitted  wideband  pulse,  would  cause  further  variation  to  the 
apparent  target  strength.  However,  given  that  surface-wave  propagation  is  dispersive, 
it  is  likely  that  the  replicate  correlator  would  suppress  returns  due  to  structure-borne 
sound.  The  specular  return,  for  which  expression  (2.7)  is  usually  a  good  approximation, 
would  then  be  favoured.  In  general,  target  strength  should  be  reassessed  separately  for 
each  pulse  type  and  signal  processing  chain. 


3.  Assessment  of  some  designs  for  sonar  targets 

3.1  Designs 

The  problem  of  fabricating  spherical  targets  is  not  trivial.  Glass  spheres  break  easily 
and  thin  metal  shells  are  easily  dented  and  crushed.  Thick  shells  and  solid  spheres  are 
typically  very  heavy.  Making  an  object  accurately  spherical  is  difficult  and  it  must  be 
robust  enough  to  maintain  its  shape  after  multiple  episodes  of  handling  and 
deployment. 

In  addition,  the  sphere  should  be  separated  from  the  seabed  by  a  few  radii  in  order  to 
avoid  changes  in  the  target  strength  due  to  interference  between  directly  reflected 
sound  and  sound  bounced  from  the  seabed  underneath  the  target  [Bishop  and  Smith 
1999].  At  long  ranges,  further  changes  to  apparent  target  strength  occur  due  to 
interference  between  direct  backscatter  and  multipaths  arriving  at  similar  angles.  The 
multipaths  arrivals  have  made  one  or  more  intermediate  bounces  from  the  seabed  or 
sea  surface.  They  are  not  true  backscatter,  but  the  vertical  directivity  of  most 
minehunting  sonars  is  insuffient  to  suppress  them.  Multipath  effects  are  not  considered 
further  in  this  report. 
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hunting  sonars  is  insufficient  to  suppress  them.  Multipath  effects  are  not  considered 
further  in  this  report. 

3.1.1  Solid  spheres 

A  solid  elastic  sphere  is  the  simplest  spherical  target,  but  in  most  cases  it  is  not  a  good 
design,  because  it  is  excessively  heavy,  difficult  to  suspend  above  the  seabed  and  the 
target  strength  varies  with  frequency. 


frequency,  kHz 


Figure  2  Target  strength  of  a  400mm  diameter  bronze  sphere.  Target  strength  of  equivalent 
rigid  sphere  is  -20dB. 

Figure  2  shows  the  predicted  target  strength  of  a  solid  bronze  sphere,  insonified  with  a 
constant  pure  tone  (thin,  grey  line),  a  200|is  toneburst  pulse  (thick,  blue,  solid  line)  and 
a  lOOps  pulse  (thick,  red,  dashed  line).  In  the  first  case,  the  frequency  is  that  of  the 
tone6,  and  in  the  latter  two  cases  it  is  the  centre  frequency  of  the  pulse.  The  diameter  of 
the  sphere  is  400mm  and  the  target  strength  of  an  equivalent  rigid  sphere  is  -20dB. 

The  variation  of  target  strength  for  the  pure  tone  shows  numerous  peaks  and  nulls  due 
to  structural  waves.  The  complicated  curve  is  typical  for  strongly  interacting  structures. 

6  This  corresponds  to  the  frequency  response  of  the  target. 
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The  variation  of  target  strength  for  both  pulses  is  smoother,  since  their  frequency 
spreads  act  to  average  over  individual  peaks  and  nulls.  The  lOOps  curve  approaches 
the  rigid-sphere  value  (-20dB)  in  the  30-70kHz  range,  but  departs  from  it  significantly 
elsewhere,  especially  at  higher  frequencies. 

From  Table  2,  it  can  be  seen  that  bronze  has  only  30%  of  the  impedance  of  tungsten, 
which  has  the  highest  impedance  of  commonly  available  materials.  When  the  material 
parameters  of  tungsten  were  adopted,  the  variation  of  target  strength  within  the 
frequency  range  was  lower  than  for  bronze,  but  the  same  general  pattern  was 
observed. 

Summary:  Solid  metal  or  glass  spheres  are  not  suitable  as  mine  hunting  sonar  targets. 
3.1.2  Water-filled,  thick- walled  shells 

In  the  past,  thick-walled,  water-filled  shells  were  fabricated  and  used  as  sonar  targets. 
They  were  designed  using  expression  (2.1),  neglecting  structural  effects.  The  shells 
were  designed  to  flood  when  placed  underwater,  since  it  made  them  much  easier  to 
deploy  than  a  buoyant,  air-filled  sphere.  Four  sizes  of  sphere  were  cast  in  aluminium 
bronze,  and  their  exteriors  were  machined  spherical  to  narrow  tolerances.  Details  are 
given  in  Table  3. 


Table  3  Characteristics  of  bronze  spheres 


Name 

Shell 

material 

Outer 

diameter 

(mm) 

Wall 

thickness 

(mm) 

Approx 

weight 

(kg) 

Nominal 

target 

strength 

(dB) 

•  A 

AB27 

210 

12-16 

17 

-25.6 

B 

AB2 

330 

12-16 

42 

-21.7 

C 

AB2 

430 

12-16 

72 

-19.4 

D 

AB2 

650 

12-16 

165 

-15.8 

Figures  3  and  4  show  target  strengths  calculated  for  each  sphere,  water-filled.  The 
curves  are  for  a  constant  pure  tone  (thin  line),  a  lOOps  toneburst  (thick,  dashed  line) 
and  a  200ps  toneburst  (thick,  solid  line).  It  is  immediately  obvious  that  the  target 
strengths  of  the  spheres  are  strongly  affected  by  structural  effects  when  they  are  water- 
filled.  Their  target  strengths  do  not  agree  with  the  nominal  values  in  Table  3,  and  the 
mcrease  in  target  strength  with  radius  is  not  monotonic  at  most  frequencies,  although  it 
is  present  as  an  overall  trend. 


^  AB2  is  Nickel  Aluminium  Bronze  alloy,  a  marine  alloy  defined  in  British  Standard  BS1400  as 
AB2". 
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3.1.3  Air-filled  thick- walled  shells 

Figure  5,  which  shows  the  target  strength  of  shell  D  when  air-filled,  is  quite  different  to 
the  corresponding  plot  in  Figure  4.  In  this  case,  structural  interactions  still  occur,  but 
they  are  modified  because  the  waves  propagating  in  the  shell  cannot  radiate  into  the 
interior.  Both  the  pure-tone  and  pulse  target  strengths  are  much  simpler  curves  than  in 
the  water-filled  case,  and  the  pulse  target  strengths  are  in  good  agreement  with  the 
nominal  target  strength  for  frequencies  greater  than  55kHz.  However,  there  is  still  a 
strong  effect  due  to  propagation  within  the  shell. 


Figure  5  Target  strengths  for  the  bronze  shell  D,  when  air  filled 
3. 1.3.1  Glass  spheres 

Figure  6  shows  calculated  target  strengths  for  a  family  of  air-filled  spherical  shells  of 
different  thicknesses.  All  results  are  for  200ps  pulses.  The  thickness  has  been  varied 
between  5mm  and  20mm  in  5mm  steps. 

The  nominal  target  strength  of  the  spheres  is  -20dB,  which  is  in  good  agreement  with 
the  calculated  target  strength  for  each  configuration  over  much  of  the  frequency  range. 
However,  at  least  one  resonant  peak  appears  in  each  curve  and  it  is  clear  that  care  must 
be  exercised  when  using  these  spheres.  The  target  strength  should  be  measured  at  and 
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around  each  frequency  of  interest  in  order  to  establish  that  the  sphere  is  not  in  a 
resonant  frequency  range. 


Figure  6  Target  strength  of  borosilicate  glass  (Pyrex)  spheres  of  400mm  diameter  and  various 
thicknesses. 


3.1.3.2  Benthos  glass  shells 

Thick-walled,  air-filled  borosilicate  glass  spheres  are  available  from  Benthos 
Corporation8,  where  they  are  sold  as  deep  sea  floatation  devices.  They  have  been  used 
for  numerous  sonar  trials.  The  glass  shells  are  spherical  to  high  accuracy  to  withstand 
extreme  pressures,  and  evacuated  to  0.3  atmospheres  to  ensure  that  their  two  halves 
stay  together  on  the  surface.  The  diameter  of  the  largest  sphere  is  432mm  or  17"  and 
the  wall  thickness  is  15.9mm  or  5/8". 

The  nominal  target  strength  of  the  17"  sphere  is  nominally  -19dB,  and  its  variation 
with  frequency  closely  follows  the  15mm  thickness  curve  of  Figure  6.  [Wyber  2001]  has 
conducted  measurements  of  the  target  strength  in  the  frequency  range  22-50kHz.  He 
finds  that  the  theoretical  and  measured  target  strengths  are  in  close  agreement, 
including  the  peak  predicted  at  frequencies  under  30kHz.  He  also  finds  that  when  the 


8  http://www.benthos.com 
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conducted  measurements  of  the  target  strength  in  the  frequency  range  22-50kHz.  He 
finds  that  the  theoretical  and  measured  target  strengths  are  in  close  agreement, 
including  the  peak  predicted  at  frequencies  under  30kHz.  He  also  finds  that  when  the 
target  strength  of  the  specular  return  is  considered  alone,  it  varies  within  ldB  of  the 
rigid-sphere  value. 

3.1.4  Manufacturing  thin-walled  shells 

Thin-walled  shells  for  maritime  use  are  necessarily  made  from  either  plastic  or  metal. 
The  wall  thickness  is  much  less  than  a  wavelength  in  order  to  minimise  the  acoustic 
interaction  between  the  incident  pulse  and  the  shell  material. 

3.1.4.1  Thin-walled  metal  shells 

Thin-walled  metal  shells  are  fabricated  in  two  stages.  Separate  halves  are  "spun"  or 
pressed  from  thin  sheet  metal,  and  then  the  halves  are  welded  together. 

Stainless  steel  shells  were  fabricated  for  DSTO  in  sizes  up  to  305mm  diameter  over  a 
period  of  years.  The  nominal  wall  thickness  of  the  shells  was  0.8mm,  but  probably 
varied  significantly.  All  of  the  shells  were  somewhat  distorted  due  to  the 
manufacturing  process.  In  addition,  they  were  equipped  with  stopcocks  to  enable 
fluid-loading  and  carrying  lugs,  which  could  be  expected  to  have  an  effect  on  the  target 
strength.  In  general,  the  shells  are  easily  dented,  and  they  probably  could  not  be 
deployed  air-filled  in  a  high-pressure  deep-water  environment9. 

3. 1.4. 2  Thin-walled  plastic  shells 

Thin-walled  plastic  shells  are  an  option  for  shallow-water  deployment,  providing  the 
expense  of  manufacture  is  acceptable.  The  fabrication  of  a  mold  is  expected  to  be 
extremely  expensive,  after  which  the  production  costs  are  cheap.  Plastic  shells  can  be 
manufactured  to  very  high  tolerances  and  should  have  aspect-independent  target 
strengths. 

3.1.5  Air-filled  thin-walled  shells 
3.1.5.1  Stainless  steel  shells 

Assuming  that  a  stainless  steel  shell  could  be  made  with  a  diameter  of  400mm,  the  top 
half  of  Figure  7  shows  the  target  strength  predictions  for  such  a  target.  The  pure-tone 
target  strength  (thin  line)  fluctuates  between  resonant  peaks  and  troughs,  but  the  value 
oscillates  around  the  nominal  value  of  -20dB  and  this  is  reflected  in  the  200ps  pulse 
curve  (thick  line),  which  varies  within  a  ldB  range  for  frequencies  over  30kHz. 


9  Pressurization  may  be  an  option  in  this  case,  since  the  impedance  mismatch  with  water 
remains  high  as  pressure  is  increased. 


15 


DSTO-TN-0425 


It  is  concluded  that  air-filled  thin-walled  stainless  steel  shells  are  a  viable  option, 
provided  they  can  be  made  large  enough  to  have  the  desired  target  strength  (Table  1). 

3. 1.5. 2  Plastic  shells 

Most  plastics  have  impedance  values  close  to  that  of  water  and  hence  it  could  be 
expected  that  a  plastic  shell  would  have  little  impact  on  the  target  strength.  As  an 
example,  we  assume  that  a  400mm  diameter,  air-filled  nylon  shell  could  be 
manufactured  with  a  3mm  wall  thickness.  The  bottom  half  of  Figure  7  shows  the  target 
strength  predictions.  Rather  than  being  better  than  the  stainless-steel  shell,  the  nylon 
shell  is  worse,  as  the  target  strength  varies  greatly  with  frequency.  Changing  the 
thickness  of  the  shell  did  not  improve  the  behaviour,  so  it  would  appear  that  this 
approach  is  not  viable. 

3.1.6  Fluid-filled,  focussed  thin  shells 

The  difficulty  of  making  and  deploying  large,  air-filled  spheres  with  very  large 
buoyancy  has  prompted  several  workers  [Folds  1971;  Marks  and  Mikeska  1976; 
Readhead  1995;  Kaduchak  and  Loeffler  1998;  Deveau  2000, 2001]  to  attempt  to  enhance 
target  strengths  by  selecting  an  appropriate  fill  fluid.  When  the  sound  speed  of  the 
fluid  causes  sound  entering  the  front  face  of  the  sphere  to  be  focussed  on  the  back  wall 
of  the  sphere,  the  backscattering  efficiency  increases  dramatically,  so  much  smaller 
spheres  can  be  used  to  achieve  a  given  target  strength. 

The  operational  experience  with  focussed  shells  made  by  DSTO  has  been  that  the 
target  strengths  appear  to  fluctuate  over  a  wider  range  than  is  desirable  for  sonar  trials. 
Part  of  this  variation  may  be  explained  by  shifts  in  target  strength  with  frequency, 
temperature  and  the  sphere  parameters,  as  discussed  by  [Readhead  1995].  It  is  also' 
possible  that  distortions  in  the  shell  had  a  large  effect  on  the  target  strength  at  some 
aspect  angles,  or  that  multipath  interference  is  important. 
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Summary:  Focussed  spheres  are  no  longer  used  for  sonar  trials  by  the  RAN,  since 
target  strength  appeared  to  fluctuate  considerably.  Further  work  is  required  to 
determine  the  conditions  under  which  they  should  be  used.  If  used,  they  must  be 
characterised  for  the  conditions  prevailing  during  the  trial. 


3.2  Deployment 

Deployment  of  spherical  targets  introduces  additional  complications. 

Negatively  buoyant  spheres  are  placed  on  the  bottom  and  remain  there.  Their  apparent 
target  strengths  are  affected  (usually  increased)  by  the  proximity  of  the  seabed  ground 
plane.  While  it  could  be  argued  that  the  change  in  target  strength  mimics  the  change  to 
the  target  strength  of  a  ground  mine  measured  in  mid-water,  the  effect  is  difficult  to 
predict.  Unfortunately,  the  obvious  remedy  of  raising  the  sphere  several  diameters 
above  the  bottom  does  not  remove  all  fluctuations.  Multiple  bounces  between  the 
sphere  and  the  seabed  are  eliminated,  but  distant  multipaths  are  not.  This  is  a  topic  for 
further  research.  Note  also  that,  if  a  float  or  a  stand  is  used  to  elevate  the  sphere,  its 
target  strength  must  be  taken  into  account. 

Air-filled  spheres  may  exert  large  buoyancy  forces.  For  example,  the  Benthos  glass 
targets  experience  a  buoyance  force  of  25.4  kg  weight.  Hence,  they  must  be  tethered  to 
the  seabed  with  a  weight  or  other  fixture.  The  weight  must  be  designed  to  have  much 
lower  target  strength  than  the  sphere,  and  it  must  not  scatter  sound  directly  at  the 
sphere  it  is  tethering. 


4.  Conclusions 


In  this  report,  different  designs  for  spherical  targets  have  been  examined,  and  some 
examples  have  been  considered  in  detail.  All  of  the  designs  have  a  narrowband  pulse 
target  strength  that  varies  with  frequency,  with  the  sole  exception  of  the  thin-walled, 
air-filled  stainless  steel  sphere. 

In  summary: 

1.  Solid  spheres  have  effective  target  strengths  that  vary  with  frequency  and  pulse 
type. 

2.  Thick-walled,  water-filled  shells  have  effective  target  strengths  that  vary  with 
frequency  and  pulse  type. 

3.  Thick-walled,  air-filled  glass  floats  have  effective  target  strengths  that  are 
invariant  with  frequency  over  limited  frequency  ranges,  but  the  frequency 
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ranges  for  which  invariance  holds  vary  with  wall  thickness  and  must  be 
checked  experimentally. 

4.  Thin-walled,  air-filled  metal  shells  have  effective  target  strengths  that  do  not 
vary  strongly  with  frequency  for  narrowband  pulse  types.  Fabrication  and 
deployment  difficulties  are  an  important  limitation. 

5.  Thin-walled,  air-filled  shells  with  shell  impedances  near  that  of  water  have 
effective  target  strengths  that  vary  with  frequency  and  pulse  type. 

Regardless  of  the  results  of  simulations,  it  should  be  stressed  that  objects  should  never 
be  used  as  calibrated  sonar  targets  without  experimental  verification. 
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Appendix  A:  Expressions  for  scattered  pressure 


The  expressions  for  scattered  pressure  appearing  in  [Readhead  1995]  were  used  in  this 
work,  however  they  contained  a  misprint10,  so  they  are  reproduced  here  in  corrected 
form.  It  was  also  decided  to  adopt  the  convention  exp(-zffl/)  for  propagating  waves,  in 
agreement  with  the  bulk  of  the  scattering  literature. 

Let  the  frequency  be/,  and  define  wavenumbers 


(outer  fluid) 

Jrl 

ii 

ii 

(shell  -  longitudinal  and  transverse) 

cL  CT 

(inner  fluid) 

(A.1) 


Here,  c1  and  c3  are  respectively  the  sound  speeds  in  the  outer  and  inner  fluids,  and  cL 
and  cT  are  respectively  the  longitudinal  and  transverse  elastic  wave  speeds  in  the  shell 
material. 

The  outer  radius  of  the  shell  is  a  and  the  inner  radius  is  b. 

Assume  tire  projector  is  a  point  source.  Let  the  pressure  at  range  R  from  the  projector 
be  defined  by 


(A.2) 


Now,  let  the  origin  of  coordinates  be  the  centre  of  the  sphere,  and  let  the  projector  be 
located  at  range  rp  along  the  negative  z-axis.  Assume  that  the  receiver  is  located  at 

polar  coordinates  (rr,6r)  then  the  scattered  pressure  for  a  receiver  located  closer  to  the 
origin  than  the  projector  is  given  by 


ps  =  P0  ^  X  (- 1 )'  (2/ +1 )  Q  h  /(1>  (*i  rP  )  h  ?  (ki r, ) p/  (cos  °r )  for  a  <  rr  <  rp  (A.3) 

1=0 


Here,  (x)  is  the  Z-th  order  spherical  Hankel  function  of  the  first  kind  [Abramowitz 
and  Stegun  1964],  and  P}  (x)  is  the  Z-th  order  Legendre  polynomial. 


10  The  misprint  was  not  present  in  computer  codes  and  did  not  affect  the  calculations  shown  in 
the  report. 
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The  coefficients  C,  are  given  by  the  ratio  of  determinants 
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Yu 

y 62 

763 

764 
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The  non-zero  matrix  coefficients  appearing  in  (A.4)  are  listed  below 


7..  =  l_2(J  (M)  j ,(kLa)-(kLa)  j ,{kLa) 

(A.5) 

Yn  =  X  2a  (M)  n/(M)  (M)  ni(kLa) 

(A-6) 

7B  =  l(l+l)},(kTa)- l(l+\)kTa  ),(kTa) 

(A.7) 

Y 14  =  /(/Hd)n/(ATa)-/(/+l)ATfln'(ATtf) 

(A.8) 

r.s  =%^h  <"(*,„) 

2p  2 

(A.9) 

72.  =  X  2g  (M)  j ,(M)  ( kLb )  j ,(kLb) 

(A.10) 

Yn  =1_2cr(*i^  ni(kLb)-(kLb )  ni(kLb) 

(ATI) 

723  =/(/+i)j,(M)-/(/+i)M.b(M) 

(A.12) 
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724  =  l(l+l)nl(kTb)-l(l+l)kTbnl(kTb) 

(A.13) 

( M )2  •  /,  .x 

726  =  Y  J/(M) 

2  p2 

(A.14) 

73i 

(A.15) 

732  =MnJ(M) 

(A.16) 

733  =/(/+1)j/(M) 

(A.17) 

7  34  =/(/+l)n,(M) 

(A.18) 

735  =  — h;(1)(^,«) 

Pi 

(A.19) 

741  =  ^L^Jl  (^Y) 

(A.20) 

y42  =  kLbn'(kLb) 

(A.21) 

743  =  ^(^+l)j/(^r^) 

(A.22) 

744  =  /(/+l)n;  {kTb) 

(A.23) 

746  =—  j/(M) 

P3 

(A.24) 

7si  =2Mj/(M)-2j/fca) 

(A.25) 

752  =2^an;(^a)-2n,fca) 

(A.26) 

7  53  =  (M)Y(M)+  [/(/+l)-2]j/(fera) 

(A.27) 

754  =  (A:ra)2n'(A:ra)+[/(/+l)-2]n/(A:ra) 

(A.28) 

7ei  =2Mj/(M)-2j,(M) 

(A.29) 
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Here,  j/(x)  and  n}  (x)  are  the  Z-th  order  spherical  Bessel  and  Neumann  functions,  p{ , 

p2  and  p3  are  the  densities  of  the  outer  fluid,  shell  and  inner  fluid  respectively,  a  and 

b  are  the  outer  and  inner  shell  radii,  and  a  is  Poisson's  ratio  for  the  shell.  The  symbols  a 
and  b  have  been  interchanged  from  Readhead's  convention  to  reflect  the  usage  in  the 
general  literature.  Equations  (A.27),  (A.28),  (A.31)  and  (A.32)  have  been  corrected. 
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